In a recent experiment (H 2 O) n /X m binary clusters (where X = Ar, N 2 , CO, CO 2 , and several other molecules) were formed in superfluid helium nanodroplets and investigated by electron impact mass spectrometry [Liu et al., Phys. Chem. Chem. Phys. 13, 13920 (2011)]. The addition of dopant X was found to affect the branching ratio between H 3 O + (H 2 O) n and (H 2 O) + n+2 formation. Specifically, the addition of CO increased the proportion of protonated water cluster ions, whereas dopants such as Ar, N 2 , and CO 2 , had the opposite effect. Compared with protonated water cluster ions, unprotonated water cluster ions, (H 2 O) n + , have received far fewer experimental investigations. The main reason for this is that there exist large structural differences between the parent neutral clusters and their ionized counterparts, and therefore the Franck-Condon factor for adiabatic ionization is very small. [8] [9] [10] Consequently, the ionized clusters are usually formed in highly vibrationally excited states which dissociate into (H 2 O) n H + and OH, 8, 11, 12 unless the excess energy can be rapidly removed by some means.
Protonated water cluster ions exhibit a rich and varied chemistry, such as proton transfer and molecular rearrangement, and various techniques, such as electron impact, 1 corona discharge, 2 chemical ionization, 3 vacuum ultraviolet ionization, 4 and femtosecond laser photoionization, 5 have been applied to ionize water and form water cluster ions. It is believed that ionization first strips an electron from a single water molecule and forms a nascent water cation (H 2 O + ), which dissociates rapidly through proton transfer to a neighboring water molecule. As a consequence, ionization of water results in a thermalized electron, a hydroxyl radical (OH), and a hydronium ion (H 3 O + ). 6 The latter can occur as solvated charge carriers in aqueous solutions and in protonated clusters such as (H 2 O) 20 H 3 O + . 7 Compared with protonated water cluster ions, unprotonated water cluster ions, (H 2 O) n + , have received far fewer experimental investigations. The main reason for this is that there exist large structural differences between the parent neutral clusters and their ionized counterparts, and therefore the Franck-Condon factor for adiabatic ionization is very small. [8] [9] [10] Consequently, the ionized clusters are usually formed in highly vibrationally excited states which dissociate into (H 2 O) n H + and OH, 8, 11, 12 unless the excess energy can be rapidly removed by some means.
One way to form unprotonated water cluster ions is to form cold binary clusters in a molecular beam. Shinohara et al. were the first to report the observation of unprotonated water cluster ions and this was achieved by applying near a) Authors to whom correspondence should be addressed. + were first created, and the subsequent evaporative loss of one or more Ar atoms removed excess energy and therefore minimized OH ejection. In another set of experiments, by Dong et al., 14 a soft X-ray laser was used to photoionize water clusters formed using He and Ar as carrier gases. In both cases a trace of (H 2 O) 2 + was observed but the signal was dramatically stronger when Ar was involved, presumably because Ar interacts more strongly with (H 2 O) 2 + than He because of the higher polarizability or Ar. As a result, excess energy can be dissipated more effectively in the argon case via evaporative loss, which is compatible with the earlier findings by Shinohara. 13 An alternative means of obtaining unprotonated water cluster ions is to ionize water clusters contained within superfluid helium nanodroplets. If electron impact is used, the initial process will almost certainly be ionization of helium, leading to He + , which is mobile and can ultimately transfer its charge either to the water cluster or remain on helium; helium cluster ions, He n + , result in the latter case. 15, 16 If the charge is transferred to water clusters, the cold environment provided by the surrounding helium can lead to quenching of the "hot" water cluster ions so that (H 2 O) n + ions can be formed and survive, which was reported first in the 1990s. 17, 18 Through similar experiments in our laboratory we have observed larger unprotonated water cluster ions with n ≤ 30. 19 More recently we formed binary clusters in helium nanodroplets by sequential addition of water and another molecular species, X (where X = O 2 , N 2 , Ar, CO 2 , CO, NO, and C 6 D 6 ). 20 The addition of O 2 , N 2 , CO, CO 2 , and C 6 D 6 to helium nanodroplets was found to increase the proportion of unprotonated water cluster ions when compared with analogous experiments on pure water clusters in helium nanodroplets. On the other hand dissociative ionization, which leads to formation of (H 2 O) n H + ions, was enhanced relative to the pure water case when the co-dopant was CO or NO. The decline in dissociative ionization when a co-dopant such as Ar or N 2 was added was qualitatively interpreted by an "energy in/out" mechanism. 20 For CO and NO co-dopants it was speculated that the increase in dissociative ionization was due to the formation of HOCO and HONO, e.g., [(H 2 O) n CO] + → (H 2 O) n-1 H + + HOCO. The "energy-in/out" mechanism can also be used to interpret the mass spectrum of C 60 and water binary clusters in the recent experiments by Schöbel et al., 21, 22 where the C 60 molecules dramatically reduce the fragmentation of water clusters, leading to the dominance of unprotonated C 60 + cluster ions are presented in order to try and understand why the branching ratio for dissociative ionization of water/X complexes can increase or decrease, depending on the identity of co-dopant X. To keep the calculations manageable and affordable, we have chosen to focus on water dimer and treat this as representative of the behavior likely for larger water clusters. For co-dopants we consider Ar, N 2 , CO, and CO 2 ; O 2 and benzene are not considered because they possess lower ionization energies than water clusters and therefore charge transfer to benzene or O 2 is expected on ionization. NO was also not included in these calculations because it possesses a lower ionization energy than water and the fragmentation of [NO(H 2 O) n ] + into HONO and (H 2 O) n-1 H + occurs for n ≥ 4. 23 Our calculations focus on the binding energy of X· · ·(H 2 O) 2 + and the influence of the co-dopant, X, on the binding energy of the HO· · ·HOH 2 + . All calculations were performed at the MP2/aug-ccpVTZ level of theory and employed GAUSSIAN 09. 24 Geometry optimization of the unprotonated water cluster dimer ion, (H 2 O) 2 + , was the first step and this was then used to construct the initial geometries of the various [X(H 2 O) 2 + ] ions. Previous calculations have predicted that (H 2 O) 2 + has three possible geometries, i.e., a hydrazine-like configuration (global minimum), a gauche oriented dimer (at +0.02 eV relative to the global minimum energy) and a disproportionated ion, HO · · · HOH 2 + (+0.22 eV) 8, 25 (see Figure 1 (a) for the optimized geometry of HO · · · HOH 2 + ). However, for reasons discussed earlier the primary ionization of water involves rapid proton transfer, leading to charge localization on an H 3 O + moiety. As a result, the disproportionated ions are the only species that can be produced by ionization of water clusters, which has been confirmed by an Ar-tagging experiment; 26 hence it is unnecessary to consider other geometries of the water dimer cation in our calculation. All of the possible binding sites for X attached to HO · · · HOH 2 + were investigated. For each optimized geometry, vibrational frequency calculations were performed to confirm that a potential energy minimum is obtained. 
, 27 where E AB , E A , and E B are the total energies of molecule/cluster AB and A and B are the corresponding fragments.
For X = Ar, N 2 , and CO 2 , three distinct geometries were found for these binary clusters, with the co-dopant binding to one of the three free O-H bonds in each case (see Figures 1(b)-1(d) + for illustration). The trans HO· · ·HOH 2 + · · ·X structure, where X is attached to the free OH bond of H 3 O + furthest from the hydroxyl moiety, is found to be the global minimum (see Table I ). The optimized global-minimum geometries of [Ar(H 2 O) 2 ]
+ are in good agreement with previous calculations by Gardenier et al. 26 and any slight differences are assumed to derive from the larger basis set applied in our calculations. The cis structure, with the X molecule attached to the dangling OH bond of H 3 O + on the same side as the hydroxyl moiety, is of slightly higher energy than the trans isomer, while the isomer with X attached to the hydroxyl moiety gives rise to the highest total energy. The difference in binding energies for the trans and cis geometries is marginal, ranging from 12 cm −1 to 45 cm
+ we have found eight stable structures (see Figure 2 ). Both the carbon and oxygen atoms of the CO molecule can be attached to any one of the three dangling OH bonds in the HO· · ·HOH 2 + ion but the lower energy structures have the carbon atom of CO attached to the oxygen atom in the hydroxyl moiety, rather than attached to hydronium ions in either the trans or cis geometry. The attaching of CO to hydroxyl produces a strong HO-CO bond, where the binding energy between CO and HO is calculated as 10 498 cm −1 for the trans-HOCO (slightly higher than the measured binding energy of neutral HOCO at 9723 cm −1 ). 28 At the same time the HO· · ·HOH 2 + bond strength is calculated to be 7414 cm −1 . The cis-HOCO· · ·HOH 2 + ion has a slightly higher energy than the trans geometry, i.e., by 842 cm −1 , and the binding energy between CO and HO also exceeds that of the HO· · ·HOH 2 + bond. The trans HO· · ·HOH 2 + · · ·CO ion is the third most stable structure with a much higher total energy (+0.81 eV relative to the global minimum). As seen in Table  I, for [CO(H 2 O) 2 ] + at the higher energy geometries, the binding energies between CO and (H 2 O) 2 + are always lower than that between the HO and HOH 2 + moieties. Hence in these geometries CO will have a similar effect on (H 2 O) 2 + as Ar, N 2 and CO 2 , i.e., biasing the branching ratio of water cluster ions toward the unprotonated ions. The increase of protonated products by the addition of CO therefore suggests an overwhelming impact of the lowest energy structures on the dissociation reactions, despite the fact that there is a large excess energy available for production of these higher energy structures following charge transfer from He + . To conclude, in the most stable structures of [CO(H 2 O) 2 ]
+ an HOCO moiety is formed with a HO-CO binding energy exceeding that of HO· · ·HOH 2 + . Thus, on purely energetic grounds, any bond fission would favor cleavage of the HO· · ·HOH 2 + bond rather than the loss of CO. This contrasts with water dimer cations with Ar, N 2 , or CO 2 attached, where the HO· · ·HOH 2 + binding energies are always higher than the binding energy of X· · ·(H 2 O) 2 + . Thus in these cases the lowest energy dissociation process would be loss of X, a process which would cool the remaining (H 2 O) 2 + and thus enhance the survival probability of the unprotonated water dimer cation relative to the channel leading to H 3 O + + OH. We expect that these findings will transfer to larger water clusters and they qualitatively explain the observed differences in protonated/unprotonated water cluster ion ratios seen in helium nanodroplet experiments for X/H 2 O co-doping. S.Y. and A.M.E. wish to thank the UK EPSRC for a grant support on this research, and the UK National Service for Computational Chemistry Software (NSCCS) for providing the computing service.
